Male Wistar rats were exposed to aluminium silicate ceramic fibres by inhalation to study pulmonary deposition, clearance, and dissolution of the fibres. Rats were killed at one day, one month, three months, and six months after the termination of exposure. After exposure, fibres greater than 50 pm in length were seen with a scanning electron microscope in the alveolar region of the lung. Fibres were recovered from the lungs with a low temperature ashing technique and their number, diameter, and length were measured by scanning electron microscopy. The physical dimensions, clearance, and biopersistence of fibres in the lungs are important factors in predicting their biological effects. To study the clearance of man made mineral fibres from the lung, a number of studies have been performed in which the fibres were given either by intratracheal injection'-3 or by inhalation.4 It seems that man made mineral fibres given by these routes are cleared from the lung by transport to the conducting airways and by dissolution. Morgan et al I and Holmes et al 2 showed that short glass fibres were cleared efficiently by macrophage mediated processes but that fibres exceeding a critical length (between 10 and 30 pm) were not removed. Their results also suggested that the rate of dissolution of glass fibres depends on their length (long fibres dissolve more rapidly than short fibres) and animal species (glass fibres dissolved more rapidly in hamster than in rat lungs). The chemical composition of the fibre is also thought to be an important factor in determining the durability of fibres in the lung. Le Bouffant et al showed that those fibres that had remained for several months in the lung had an eroded appearance and the amounts of sodium, calcium, and magnesium were depleted.5 Leinweber studied the solubility of six types of man made mineral fibre in vitro and showed that the solubility of fibres varied over a wide range depending on their chemical composition. He also showed that dissolution rates could be calculated.6 The clearance of inhaled fibres has also been estimated by analysing the amount of a major component (for example, silicon) remaining in the lung.4 Morgan and Holmes7 reviewed the published works on the solubility of mineral fibres. There are few studies, however, that have measured all these variables after inhalation exposure and discussed them comprehensively.
The physical dimensions, clearance, and biopersistence of fibres in the lungs are important factors in predicting their biological effects. To study the clearance of man made mineral fibres from the lung, a number of studies have been performed in which the fibres were given either by intratracheal injection'-3 or by inhalation. 4 It seems that man made mineral fibres given by these routes are cleared from the lung by transport to the conducting airways and by dissolution. Morgan et al I and Holmes et al 2 showed that short glass fibres were cleared efficiently by macrophage mediated processes but that fibres exceeding a critical length (between 10 and 30 pm) were not removed. Their results also suggested that the rate of dissolution of glass fibres depends on their length (long fibres dissolve more rapidly than short fibres) and animal species (glass fibres dissolved more rapidly in hamster than in rat lungs). The chemical composition of the fibre is also thought to be an important factor in determining the durability of fibres in the lung. Le Bouffant et al showed that those fibres that had remained for several months in the lung had an eroded appearance and the amounts of sodium, calcium, and magnesium were depleted.5 Leinweber studied the solubility of six types of man made mineral fibre in vitro and showed that the solubility of fibres varied over a wide range depending on their chemical composition. He also showed that dissolution rates could be calculated. 6 The clearance of inhaled fibres has also been estimated by analysing the amount of a major component (for example, silicon) remaining in the lung. 4 Morgan and Holmes7 reviewed the published works on the solubility of mineral fibres. There are few studies, however, that have measured all these variables after inhalation exposure and discussed them comprehensively.
In this study, we exposed rats to ceramic fibres by inhalation and determined changes in the number, length, diameter, and surface structure of fibres at various times. At the same time, we measured changes in the silicon content of lungs (silicon is the main component of the ceramic fibres). An attempt was made to model these findings mathematically.
Materials and methods

TEST SUBSTANCES
The aluminum silicate ceramic fibres used in this study were made by a Japanese manufacturer. The chemical composition of the fibre is 54% SiO2 and 46% Al,0,. To obtain respirable fibre particles having a mass median aerodynamic diameter of less than 5 pm, bulk ceramic fibres were disintegrated three times with an ultracentrifugal mill (Retch Co, Germany) at a speed of 15 000 rpm.
EXPOSURE SYSTEM Details of our system and apparatus have been reported in previous papers.A-2 To obtain a constant concentration, the ceramic fibres were mixed with fluidising particles (small glass beads with a diameter of 250 um). The mixture was fed into a hopper and transported smoothly via a continuous screw feed into a fluidised bed. Dry air flowing upwards through the fluidised bed dispersed the ceramic fibres. Airflow was high enough to transport the ceramic fibres but not the fluidising particles to the exposure chamber.
CONCENTRATION AND SIZE DISTRIBUTION IN THE EXPOSURE CHAMBER
Each day during exposure the mass concentration of the ceramic fibres was measured gravimetrically by isokinetic sampling of chamber air through a glass filter. The average concentration was 27-2 (SD 9-0) mg/M3. The size distribution of the aerosol in the exposure chamber was determined with an Andersen cascade impactor (Model AN-200, Sibata Sci Tech Ltd, Japan). The mass median aerodynamic diameter and the geometric standard deviation (GSD) of the ceramic fibres in the chamber were 3 7,um and 2-2 respectively. The geometric median length and the geometric median diameter of airborne fibres in the chamber were 20-0 (GSD 3 3) pm and 1-35 (GSD 1-8) pm respectively.
ANIMALS
Twenty male Wistar rats nine weeks old at the start of the experiment were used. They were exposed to ceramic fibres daily for six hours a day, five days a week, for two weeks. Groups were then killed at one day, one month, three months, and six months after the end of the exposure and the lungs were divided into two parts. The two right lower lobes were used for measurement of the number, length, and diameter of the fibres. The left and remaining right lobes were used to estimate the silicon content of lung tissue by chemical analysis. One of the rats killed after one day was used to confirm that fibres were deposited in the alveolar region of the lung. Parts of the left lung of rats killed after six months were prepared for histopathological examination.
INHALED CERAMIC FIBRES AT THE ALVEOLAR REGION
The lung of one rat killed after one day was fixed in 2-5% glutaraldehyde solution, dehydrated in graded acetone/water mixture, and freeze-dried. A section was put on to a scanning electron microscope stub, sputter coated with platinum, and examined for the presence of fibres in the alveolar region with a scanning electron microscope (model S-700, Hitachi, Japan).
DETERMINATION OF CERAMIC FIBRES RETAINED IN RAT LUNG
Ceramic fibres were extracted on to a 0-2 pm pore sized filter (Nuclepore Corp) from the two right lower lobes by low temperature ashing (LAT-25N Yanaco, Japan).'0 The number, length, and diameter of fibres were determined with a scanning electron microscope according to the reference method for measuring airborne man made mineral fibres proposed by the World Health Organisation (WHO). 13 The filters were dried, cut, and put on to scanning electron microscope stubs. They were sputter coated with platinum and examined by scanning electron microscopy. Photomicrographs of the filters were taken randomly at a fixed magnification ( x 2000). If any of the fibres had only one end within the field of view, a second photomicrograph was recorded at lower magnification ( x 1000) and centred on the original field so that the fibre length could be assessed. Only particles with aspect ratios ) 3:1 were identified as fibres and these were counted and measured on enlargements (25 x 28 cm). To determine the number of ceramic fibres, we counted 1 0 for fibres with two ends in the photographs and 0 5 for fibres with one end. The numbers retained in each rat were calculated on the basis of the reference method of WH0.13 The fibre sizes were measured on the photographs with a backlight digitiser (KD3030L Graphtec, Japan). The size distributions of inhaled ceramic fibres were calculated for all rats at each time period.
SURFACE STRUCTURE OF CERAMIC FIBRES AT HIGH MAGNIFICATION
To observe the surface structure of ceramic fibres in rat lungs, some fibres recovered after six months were investigated at high magnification ( x 80 000) by scanning electron microscopy (model S-900, Hitachi, Japan) without sputtering with platinum. Fibres recovered from the mixture of the original material and homogenised lung tissue by low temperature ashing were compared.
SILICON CONTENT OF LUNGS
The lungs were freeze dried for 24 hours and ashed at low temperature for 24 hours. The samples of ash were fused with sodium carbonate in a platinum crucible and the silicon content measured by absorptiometry.14 on to a nucleopore filter. The left picture shows fibres recovered after three months and the right one shows fibres recovered after six months. The numbers of fibres in the lungs were determined from these photographs. Figure 3 shows the changes in the number of ceramic fibres retained in rat lungs after exposure. The data can be fitted by a single component exponential expression: Clearance time (months) ( 1) where n = number of ceramic fibres retained in the rat lung; t = clearance period (in months).
The solid line in fig 3 shows the calculated clearance rate of the fibre number from equation (1) . The decrease in the number of ceramic fibres retained in the rat lung at six months was statistically significant compared with that at one day (p < 0 01; t test). The table summarises the result of the change in number. In our previous study, there was a decrease in the number of fibres with time but the change was not significant. A possible explanation for this difference was the larger number of rats used in the present study (three to seven rats instead of three to four).
DISTRIBUTION OF FIBRE DIAMETER AND LENGTH
The size distributions of recovered fibres were assessed at each time period. Both diameter and length could be fitted by log normal distributions as shown in fig 4 Figure 5 shows the change in surface structure of ceramic fibres taken at high magnification ( x 80 000). Fig 5 (left) shows a control fibre treated by low temperature ashing. Its surface is smooth and the low temperature ashing treatment had no apparent effect on surface structure. Fig 5 (right) shows the surface of a fibre recovered from rat lung at six months. This has an eroded appearance that could not be detected at low magnification. This change in surface characteristics is considered to be due to dissolution. Figure 6 shows the mass of retained ceramic fibres estimated from the measurement of the silicon content of rat lungs. The values were corrected for the amount of silicon found in the lungs of control rats and the percentage of SiO2 (54%) in the ceramic fibre.
SILICON CONTENT IN RAT LUNG
HISTOPATHOLOGICAL FINDINGS
After six months, parts of the lungs of exposed and control rats were prepared for histopathological examination. No granulomatous response, fibrotic changes, or carcinoma were found either in exposed or control rats. To make a detailed investigation of the pathogenic response to the inhaled ceramic fibres would have required a longer exposure period and an extended study.
Discussion CHANGES IN FIBRE NUMBERS AND LENGTH
The numbers of ceramic fibres retained in the lung decreased exponentially (fig 3) . A decrease in numbers of fibres after intratracheal injection'-3 and inhalation' has been reported previously. The studies showed that short mineral fibres (less than 10 ,um in length) are cleared from the lung rapidly during the first few months and that the remainder were cleared much more slowly. The geometric median length of ceramic fibre used in the present study was 9 0 pm at one day after exposure, which is in the range of short fibres used by Morgan (2) where D = fibre diameter (am); L = fibre length (jim); k = constant of rate of dissolution (jim/month).
The equation can be rearranged to:
On integration, equation (3) becomes:
where Do = the initial diameter of fibre (pm); K = constant of dissolution rate (pm/month). Equation (4) shows that the fibre diameter decreased linearly with time after exposure. Figure 7 shows the relation between the clearance period and the temporal change in the geometric median diameters. The solid line in this figure shows the regression line based on the equation (4) . The decreasing rate of geometric median diameter can be expressed as:
The regression line obtained by the equation (4) and the geometric median diameter were in good agreement (r 2 = 0-978) which means that the assumptions are reasonable. This linear decrease of geometric median diameter was also found in our previous study.' 10 Morgan tant to dissolution must be performed at high magnification. Also, the observation of resistant fibres at high magnifications must be performed without sputter coating because the particles of sputtering material interfere with the fine surface structure.
Conclusions
(1) The number of initially retained ceramic fibres decreased exponentially according to the duration of the clearance period.
(2) The geometric median diameter decreased linearly with time.
(3) The surface of fibres recovered after six months had an eroded appearance.
(4) The clearance of inhaled ceramic fibre (geometric median length 9-0 pum, geometric median diameter 065 ,um) was mediated through dissolution and macrophage mediated clearance.
(5) The clearance rate of inhaled fibre can be calculated by measuring the number, dimension, and dissolution rate of fibres in the lung. 
